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此，本文选择 2 种镍基三元正极材料，即 LiNi1/3Co1/3Mn1/3O2 材料与
LiNi0.6Co0.2Mn0.2O2 材料，研究其在不同充电截止电压下的电化学性能，并通过化
学脱锂、原位/非原位 X 光衍射（In/Ex-situ XRD）、6Li/1H 固体核磁共振技术（ss-
NMR）、热重-质谱（TG-MS）联用技术等对脱嵌过程中材料的长程结构、锂离子
局域环境及热稳定性进行了系统性的研究。 
在 LiNi1/3Co1/3Mn1/3O2材料中，当充电截止电压由 4.2 V 提高至 4.5 V 时，材
料的比容量从 141 mAh·g-1 增加至 168 mAh·g-1，但是其 100 圈容量保持率却从 89 %
降低至 73 %。为弄清楚材料在高充电态下电化学性能变差的原因，研究了不同
化学脱锂程度的 LixNi1/3Co1/3Mn1/3O2（0 < x ≤ 1）材料。XRD 结果表明，当材
料中锂含量不低于 0.22 时，材料保持六方层状结构（R3̅m 空间群）。但是随着锂
离子的继续脱出，材料部分结构由六方层状相（R3̅m 空间群，O3 相）转变为对
称性较低的三方晶系（P3̅m1 空间群，O1 相），而 O3→O1 的相变过程为不可逆
相变，因此材料在高充电态下循环性能会变差。6Li NMR 结果表明，在该材料中，
锂不仅存在于锂层，也存在于过渡金属层；并且在锂离子逐步脱出过程中，过渡
金属层的 Li 会全部脱出；对于锂层的锂，局域环境中 Mn4+较多的 Li+先脱出，
其次是 Ni2+，最后是 Co3+。同时，从 TG-MS 结果可知，随着锂离子的脱出，材
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在 LiNi0.6Co0.2Mn0.2O2 材料中，当高温煅烧温度为 800 ℃时，材料的阳离子
混排程度最低(~1.97 %)。在 0.5 C 电流密度下 3.0 ~4.3 V（vs Li/Li+）电压区间内，
材料的首圈库伦效率高达 92.2 %，100 圈容量保持率为 81.4 %。对于商品化
LiNi0.6Co0.2Mn0.2O2 材料，当充电截止电压由 4.3 V 提高至 4.7 V 时，材料的比容
量从 172 mAh·g-1 增加至 201 mAh·g-1，但是其 100 圈容量保持率却从 83.8 %降
低至 27.2 %。对于化学脱锂样品，当材料中的锂含量不低于 0.21 时，材料结构
发生如下相变过程：H1→H2→H3，晶胞参数发生相应变化，材料保持六方层状
结构（R3̅m 空间群）。但锂离子继续脱出，材料由 H3 相转变为类尖晶石相（Fd3̅m
空间群），其中 H2→H3→类尖晶石相均为不可逆相变过程。而在电化学脱锂过程
中（3.0 ~ 4.7 V vs. Li/Li+），材料结构发生如下相变过程：H1→H2→H3，并未观
察到类尖晶石相的生成。6Li NMR 结果表明，在锂离子脱出过程中，局域环境中
Mn4+较多的 Li+先脱出，其次是 Ni2+/3+，最后是 Co3+；在锂离子嵌入过程中，与
之相反。在首圈充放电过程结束后，锂离子的 NMR 线型不对称，低化学位移的

























Lithium ion battery has been widely used in various portable electronic devices, 
and gradually extended to new energy vehicles, energy storage, military applications 
and other fields due to the merits of high energy density, long cycle life and 
environmentally free. Improving the energy density and reducing cost are the most 
challenging in development of lithium ion battery. Since the energy density of batteries 
greatly depends on cathode materials, it is urgent to exploit high specific energy and 
low cost cathode materials. 
Compared with traditional commercial materials like LiCoO2, LiFePO4 and 
LiMn2O4, LiNi1-x-yCoxMnyO2 has the advantages of high specific capacity, low price 
and good rate performance, which has caused extensive concern of researchers. 
Increasing the charge cut-off voltage or Ni content is an effective way to increase the 
specific capacity of ternary materials. However, this will do harm to the structural 
stability, cycle performance and thermal stability. Here, we choose LiNi1/3Co1/3Mn1/3O2 
and LiNi0.6Co0.2Mn0.2O2 materials to investigate the electrochemical performance under 
different cut-off voltage. Besides, we systematically studied long-range structure, local 
structure and thermal stability during lithium insertion/de-intercalation process by 
using chemical delithiation, in/ex-situ XRD, 6Li/1H ss-NMR and TG-MS linked 
techniques. 
For LiNi1/3Co1/3Mn1/3O2 material, when the cutoff voltage increases from 4.2 V to 
4.5 V, the specific capacity increases from 141 mAh g-1 to 168 mAh g-1, but the capacity 
retention after 100 cycles decreases from 89 % to 73 %. To figure out the reason for 
worse electrochemical performance at high cut-off voltage, we studied 
LixNi1/3Co1/3Mn1/3O2 (0 < x  1) with different degree of lithium deintercalation. XRD 
results indicate that when x  0.22, the material remains hexagonal layered structure 
(R3̅m space group). As lithium ion deintercalates, the structure changes from hexagonal 
layered structure (R3̅m space group, O3 phase) to trigonal structure (P3̅m1 space group, 
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IV 
phase is irreversible, it is not strange to observe worse cycle performance at high cut-
off voltage. 6Li NMR results show that lithium exits at both lithium layer and transition 
metal layer. And the lithium would deintercalate completely from the transition metal 
layer during the lithium deintercalation. As for the lithium at lithium layer, the lithium 
whose local environment possesses more Mn4+ will deintercalate first, then comes the 
Ni2+ and finally the Co3+. Meanwhile, the TG-MS results indicate that the thermal 
stability is getting worse with lithium deintercalation. When x<0.22, there may be some 
proton absorbed on the surface of materials which would enhance the activity of lattice 
oxygen leading to the rapid decrease of thermal stability. This is the reason of the safety 
of charged materials at high cut-off voltage being worse.  
As for LiNi0.6Co0.2Mn0.2O2 material, it is found that the material calcined at 800 ℃ 
shows the lowest cation disorder (~1.97%) with a high initial Coulombic effiency of 
92.2% and the capacity retention is 81.4% after 100 cycles. When cut-off voltage 
increases from 4.3 V to 4.7 V, the specific capacity increases from 172 mAh g-1 to 201 
mAh g-1, but the capacity retention after 100 cycles decreased from 83.8 % to 27.2 %. 
For the chemical delithiated samples, when the lithium content is no less than 0.21, the 
structure would change from H1 to H2 and then H3. The unit cell parameters are 
changed accordingly, however the structure is still indexed to hexagonal layered 
structure. With lithium deintercalation, the structure changes from H3 phase to spinel-
like phase (Fd3̅m). And the process: H2→H3→spinel-like phase is irreversible. During 
the electrochemical delithiation process (3.0- 4.7 V vs. Li/Li+), the structure changes 
from H1 to H2 and then H3 with no spinel-like phase existing. 6Li NMR results show 
that the lithium deintercalation order is the same as LiNi1/3Co1/3Mn1/3O2 and the 
intercalation order is just the opposite. After the first cycle, the NMR peaks of lithium 
become asymmetric, and the intensity of the resonance peaks located at lower chemical 
shift gets weaker. This may be caused by the structure whose local environment 
possesses more Co3+ being collapsed during the process of H2→H3 phase change. TG-
MS results indicate that the thermal stability is getting worse with the lithium 
deintercalation. When the lithium content is no less than 0.34, proton may be absorbed 















in the sharp decrease of thermal stability. Because of this, the highly charged materials’ 
safety is poor. 
 
Key words：Lithium-ion batteries; LiNi1-x-yCoxMnyO2; structural transformation; solid 









































随后，1980 年 Goodenough 等[3]发现层状 LiCoO2 可作为锂离子二次电池的
正极材料；1983 年 Yazami 等[4]提出石墨材料可以作为锂离子电池的负极材料，
避免了锂枝晶的产生，从根本上解决安全问题。至此，用过渡金属氧化物为正极、
石墨为负极的电池体系概念逐渐形成，并于 1991 年 Sony 公司成功将其商业化，
成为锂离子电池发展史上重要的里程碑。 
LiCoO2/C 体系锂离子电池主要应用于 3C 电子产品系列如笔记本电脑、移动
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余年的发展，锂离子电池质量能量密度达 250 Wh kg-1，体积能量密度可达 620 
Wh L-1； 
















3. 使用寿命长：80%DOD 充放电可达 1200 次以上；使用 LiFePO4 为正极
材料时，循环次数可达 3000 次以上； 







图 1-2 不同二次电池的能量密度比较[8] 
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